
SPE
SOoM410f RsWUsunEn@aer%of AlME

SPE 11182

Infill Drilling for Shale Gas Development: A Field Case Study
by Andrea 1, Horton and James C, Mercer, U.S, DOE A40rgw?town Energy Technology Centec

and Walter K, Sawyer, Math & Computer Services

Members SPE

This paper was presenled al the 571h Annual Fall Techmcal Conlercnce and Exhlbmon o! Ihe Soclely 01 petroleum Ellymerm 01 AIME.
held In New Orleans. LA. Sepl. 26-29, 1982. The malerlal IS subjecl 10 correction by Ihe author. Permwslon 10 copy IS reslrlcled 10 an
abstract of nol more Ihan 300 words. Wrlle 6200 N. Central Expressway. P.O. Drawer 64706, Dallas. Texas 75206.

ABSTRACT—- Extensive research on the Devonian Gas Shales

The U.S. Department of Energy has conducted a
has been performed under the Department of Ener-
gy’s Eaatern Gas Shales Project (ECSP) for the

reservoir simulation study of a producing Devonian past several years. Research efforts were imple-
shale reservoir in Meigs Co., Ohio, following an
extensive field testing programl to determine the

mented to characterize the nature of Devonian
Shale reaervoira, to reduce the uncertainty of the

parameters controlling production from this unto,, resource basin, and to determine cost-effective
ventional gas resource. The purpose of the study extraction techniques.
was to determine the possible impact of infill
drilling in established areas of Eaatern gaa As a part of the EGSP research efforts, an
shales production, A dual porosity reservoir intensive field test was performed in Meigs
simulator that waa developed especially for shale County, Ohio, in 1981, to investigate the follow-
gas formations was used in the study, in,g reservoir parameters: (1) flow characteris-

The simulation study applied the results of
tics of gas in a fractured shale! (2) orientation

the previous field test program to history match
and distribution of natural fractures, (3) storage

the production from shale gas wells located near
and release mechanism of gas from the shale, and

the test site in Meigs County, Ohio. A series of
(4) directional gas flow and its impact onproduc-
tion practicea.

70-year simulations showed that by infill drilling
The field test basically con-

now, 35 years after the completion of the discov-
sisted of the drilling of two offsets to an

ery well, cumulative production can be increased
existing base well, the extraction and analysis of

by 30 percent or more. Had the closer well spac-
cores and a series of closely-monitored production

ing been implemented at the earliest possible
drawdown/buildup/interference tests on the three

time,
wells. Engineering analysis of the test combined

cumulative production over the 70-year the analytical results from the field teat, lab-
period could have been increased by 60 percent or oratory data from core analysis, and simulation/
more, history matching of the complete test series and

INTRODUCTION
of the 23 years of base well production history.

Recent studies by the United States Geologi-
Flow characteristics were observed and meaa-

ured in the field and in the laboratory. It was
cal Survey estimate the in-place gas resource of
the Appalachian Basin Devonian Shales to be 577

shown that about 90 percent of the total gas pro-

Tcf to 1100 Tcf2, 85-160 Tcf of this resource is
duction from each offset well came from a single

located in areas of historical shale gas produc-
zone (the Lower Huron Shale Member)4. A gas

tion, As of 1976, approximately 3 Tcf of this
desorption value of 0.007788 scflcu ftlpsi was
measured from laboratory core analYsia* This

vast resource had been produced by about 10,000
wells3, While estimates place the current number

amount of gas is equivalent to a free matrix
porosity of about 11.4 percent. Reducing the

of shale gas wells at approximately 12,000, the
total gas production from the shalea has probably

desorption value to 0.007 acflcu ftlpsi gave good
results in baae well history matching. Simulation

not increased significantly, The gas recovery
from existing fields could be increased by infill

analyais showed that desorption was a contributing

drilling to compensate for the preferential drain-
factor to the total production of the base well.

age pattern caused by permeability anisotropy, It
has been advocated that infill drilling, combined

Porosities and permeabilities for the shale
matrix were determined by core analysis. Fracture

with advanced stimulation technology could result
in an increase in productivity of two to three

system properties were determined from the inter-

times the current amount,
ference data, using a method of well test aualysia
for Devonian Shale wells developed at the Univer-

References and illustration at end of paper,
sity of Tulsa by Raj Raghavan, et al.s. These

results were combined with history matching of the
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ase well’s 23-year production to come up with the flow version was used to simulate and history
best case fracture and matrix porosity and permea- match single wells’ production performance, while
bility values of 0.0009 (0.09 percent) and-O.07 the two-dimensional version was used for the simu-
md, and 0.01 (1 percent) and 0.25 x 10 s md lation and history matching of multi-well perform-
(0.00025 Vd), respectively. ante and the experimental placement of infill

wells.
‘The analysis also revealed the importance of

identifying an average fracture spacing for shale As this study made extensive use of history
on au areal basis, As the natural fracture system matching as a tool, a brief discussion of the uses
serves as the gas tranaport medium, close average and limitations of this technique is necessary,
spacing of the fracturea allows greater gas recov- History matching consists of adjusting input
cry, A deviated well program adjacent to the off- parameters for a model until the simulated well or
set well site is currently addressing natural field performance is close to the actual histori-
fracture spacing in the area, and determination of cal performance. The first step in a history
this average spacing on a region-wide basis is match is to calculate the reservoir performance
necessary for full characterization of the Devon- using the best available data and to compare the
ian Shales. Simulation studies during the OWT simulated performance with the actual recorded
analysis estimated the average fracture spacing in history of the well or field. If the agreement is

the Meigs Couaty area to be 8 to 14 feet. not satisfactory, adjustments must be made on
input parameters until a match is achieved8.

Also among the significant results of the
analysis was the determination of anlsotropic pro- It is important to note that the behavior of
perties using interference data frol,, the two off- a reservoir is influenced by many variables that
sets, Although a third offset well would be cannot be determined precisely throughout a large
needed for absolute definition of a kmax/kmin area. History matching allows the determination
ratio, the best solution, taking into account all of a set of parameters which give a calculated
other results from the analysis, was a ratio of match. The combination is not unique, so it may
8.3 to 16. not represent the exact conditions of the reser-

voir. However, when most of the parameters are
BACKGROUND substantiated by measurement (field or lab),

history matching can be used to understand the
The simulation study focused on a 15-well, importance of the parameters and their ranges on

3,857-acre area in Chester, Orange and Olive reservoir performance,
Townships, Meigs County, Ohio (Figure 1). The
study was conducted in cooperation with Columbia The matching of model predictions with the
Gas, a major leaseholder in the area. Columbia historical performance of a reservoir providea the
operates the 15 gas wells producing from the Ohio only practical teat of the validity of a reservoir
shales. The first of these wells was completed in model, The quality of a match and therefore the
1947, and completion of the others followed from amount of confidence we can have in the model
1956-1961. The wells, averaging 3000 feet in dependa substantially on the amount of historical
depth, were completed with perforated tubing data available for the matchg,
throughout the shale, after borehole shooting an
average 365-foot shale interval. Initial bottom SINGLE WELLANALYSIS
hole pressure of the first well waa recorded at
830 psia, and the initial reservoir pressure of History matching requires a base case set of
the other 14 wells varied from 667 psia to 858 data, the best available for a field, The beat
psia. After 20 to 35 yeara of gas production into base case available for the commencement of the
200 to 260 psia gathering lines, the bottom hole Meigs County history matches was the data set that
pressures in 1981 ranged from 274 psia to 627 waa a result of the offset well test analysis,
psia. These pressure contours are ahown in Fig- Formation of this set of model input data had com-
ure 2, bined field test results and laboratory findings

to match pressure buildup and drawdown data and
MODELAPPLICATION 23 years of production history, For this multi-

well study, several input parameters from the
The study of the 15-well area involved exten- field test analysis were assumed to be constant

aive use of a new reservoir model developed spe- throughout the region, These values are shown in
cially for studying shale gas production. The new Table 1,
shale model simulates a naturally fractured gas
reservoir and production performance from it. It The radial flow model was used to history
depicts a duel porosity system in which gas is match the 15 individual wells, varying only the
stored in the shale matrix (less permeable portion productive shale thickness and the fracture system
of the shale) and subsequently released into the permeability, With 20 to 35 yeara of historical
natural fracture network, which provides a trans- data for each well, matches of ratea and cumula-
port mechanism for the gas when linked to the tive production were obtained, The individual
borehole’. Substantiation of this mechanism was history matching was necessary to obtain a base
measured in the Devonian shale field test that is set of conditions for the study area which would
dibcusaed in SPE Paper 11224 (New Orleans Meeting, account for variationa in the production per-
1982) , Figure 3 is a representation of the formance throughout the area, The resultant data
model’s depiction of the shale, acts provided the base case for beginning two-

dimensional, multi-well simulations,
Two versions of the dual porosity model, a

one-dimensional radial gas flow version and a two-
dimensional version, were utilized. The radial
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TWO-DIMENSIONALAREAL INVESTIGATION

Initially for the two-dimensional simula-
tions, a 31 x 31 block grid, covering 6.03 square
miles (3856.75 acres) waa applied to the study
area. Each well was located in a 50-foot by 50-
foot grid block, as shown in Figure 4, with the
appropriate productivity index specified to relate
average grid-block (fracture system) pressures to
bottom-hole well pressures. Wellhead pressures
and temperatures and well dimensions were input
for the calculation of bottom-hole pressures.

Fracture system permeabilities and formation
thicknesses which resulted from the single well
history matches were contoured over the entire
area, as had been done with the initial and latest
formation pressures. The design of the grid lay-
out over the field had placed the x-direction
along the maximum permeability direction as deter-
mined by the prior field test analysis. There-
fore, the permeability ratio (kmax/kmin) of 8.3
was applied to the contoured permeability values
to obtain kx and ky values for each grid block,
maintaining the geometric mean permeability from
the original contour map. Thus, a value for frac-
ture system permeabilities in the x and y direc-
tions, productive shale thickness? and initial
reservoir pressure could be assigned to each grid
block for the two-dimensional study.

Several attempts at simulating the entire
31 x 31 grid were made, using a mini-computer.
Using an iterative solution technique (LSOR), con-
vergence could not be reached, and when a direct
solution technique (D4) was used, computer time
was excessive. To reduce the computer time
requirements to a reasonable value, a 19 x 9 grid
portion of the field was selected for a smaller
scale areal simulation. The area, outlined in
Figure 4, is 8581 feet x 3751 feet (738.92 acrea)
and contains four of the existing wells, including
the field test base well and the discovery well of
the field.

Prior to simulating infill wells, it was nec-
essary to match the performance of the four exist-
ing wells in the two-dimensional grid system, It
was found that simulated production rates were
considerably higher than in the single well simu-
lations due to the permeability anisotropy and the
lack of confinement as compared to the 52-acre
areas (850-foot radius) used in the radial flow
studies. In order to obtain a reasonable match of
cumulative production from the four wells, the
permeability level waa reduced in a stepwise
fashion, keeping the anisotropy ratio of 8.3. It
was found that reducing kx and ky by approximately
80 percent resulted in a reasonable history match
of the four well cumulative, as shown in Figure 5.
Final kx and ky values ranged from 0.0395 md to
0,8490 md and from 0.0047 md to 0.1023 md, respec-
tively, for the four-well study area.

SIMULATIONOF INFILL WELLS

In order to evaluate the infill drilling
potential in the area, seven casea were studied as
illustrated in Figure 6. The intent was (1) to
determine the impact on production of an infill
drilling program now and (2) to compare results of
drilling infill wells now with results of drilling
additional wells early in the life of the field.

-----.,, .....- .. . --- -.. ..—.. -

Placement of the infill wells ia ahown in
Figure 4. The wells were placed in 50-foot x

50-foot grid blocks and spaced evenly through the
four-well portion. Productivity indices were cal-
culated for each new well using contoured values
of formation thickness and permeability, and the
completion method of each well was assumed to be
the same as for the original wells. In Cases 2
and 3, infill well I-A was selected as the single
infill well. Csses 4 and 5, with three infill
wells, used wells I-A, I-B, and I-D.

RESULTS

Figure 7 shows a combined plot of the simu-
lated 70-year production for infill drilling in
1981. The gain in production from infill drilling
for all scenarios is compared to predicted four-
well, 70-year production in Table 2. This sug-
gests that much more gas could have been and can
still be produced from the 739-acre, four-well
portion by decreasing the average well spacing
from 185 acres/well down to about 82 acres/well,
the spacing if nine wells are placed in the small
southern portion.

Trends of production increase from the three
infill drilling cases illustrated in Figure 7
point out the need to characterize a reservoir
prior to infill drilling. It can be seen that
drilling one infill well greatly increaaed total
production, but the drilling of three infill wells
did not proportionally increaae production, as
might have been expected. It appears that this is
caused by the placement of infill wells. Well
I-A, the first infill well, is located in an area
of high fracture permeability, aa contoured from
single well history matching results. Wells I-B
and I-D were added for simulation of three infill
wells. These two wells are located in areas of
lower contoured permeability, thus the contribu-
tion irom the cwo additional wells is not as great
as from the single well. This illustrates the
desirability to fully characterize a reS@rVoir
prior to development so that the placement of
wells accounta for variations in field production
performance caused by permeability anisotropy.

While the simulated drilling scenarioa did
show the potential for increasing the total gas
production with closer well spacing, simulated gas
remaining in the shale after 70 years was still
considerable. Table 3 shows that, even with 84-
acre spacing, only about 20 to 30 percent of the
original gas in place is produced! regardless of
when the additional wells are drilled. This shows
a vaat resource remaining to recover. This iS

notably different from earlier investigations of
shale production potential which attempted to
apply various other reservoir models for analysis
of the ?hale gas resource, In early studies, gaa
production was asaumed to be primarily from the
natural fracture system, and recovery efficiency
was estimated to be about 60 to 70 percent of the
inplace gaa volume after 30 years of production,

Figures 8, 9, and 10 illustrate apparently
!Ilost!! gas by comparingthe drilling of additional

wells at time zero to infill drilling after 3.5
years. Drilling the infill wells after 35 yeara
results in a “loss” of 9 to 20 percent of the
possible gas production compared to drilling the
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wells early in the life of the field. These dif- 2. “Estimates of Unconventional Natural Gas
ferences are tabulated in Table 4. Resources of the Devonian Shale of the Appa-

lachian Basin,” United States Department of
CONCLUSIONS the Interior Geological Survey, Open File

Report No. 82-474, available from USGS,
Shale in the Meigs County, Ohio, area has Reston, Virginia.

historically prod.ced only moderate quantitie$ of
gas. Even so, this simulation study has shown 3. Brown, P. J., “Energy -- ~rom Shale -- A
that infill i,illing (approximate 84-acre well Little Used Natural Resource,” ~ural Gas
spacin” the established gas producing areas from Unconventional Geologic Sources, Report
of Mel, :ounty can result in greatly increased No. FE-2271-1, 1976, p. 86-99, available from
gas production over the next 35 years, This type National Technical Information Service, U.S.
of simulation study can be applied to areas of Department of Commerce, Springfield,
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the impact of infill drilling may be better quan-
tified. 4, DOE/MC/16283-1155, “Analysis of Devonian

Shale Multi-Well Interference Tests in Meigs
This area will, after 70 years of production, County, Ohio,” February 1982, available from

produce only 19 percent of the gas in place if the National Technical Information Service, U.S.
current well spacing of about 185 acres per well Department of Commerce, Springfield,
is maintained. This is largely due to the fact Virginia,
that most of the producible gas is held in the
pores of the shale matrix. Additional wells early 5. Raghavan, R., A. C, Reynolds, K. Serra, C. C.
in the life of the field could have increased pro- Chen, N, S. Yeh, and C. Ohaeri, “Well Test
duction by 23 to 60 percent. However, even after Analysis for Devonian Shale Wells,” Final
35 years of production, infill wells can enhance Report to DOE (Contract No. DE-AC21-
gas recovery by 11 to 35 percent, depending on 80MC14645), September 30, 1981.
whether per well spacing is rsduced to about
148 acres or 82 acres. Optimal development strat- 6. Lee, B. 0., J. Alam, K, Horan, and W. Sawyer,
egy requires an in-depth characterization of the “Evaluation of Devonian Shale Reservoir Using
apparent natural fracture trends, including per- Multi-Well Pressure Transient Testing Data,”
meability distribution and anisotropy, as the SPE/DOE 10838, Presented at the SPE/DOE
fracture transport mechanism is the key to shale Unconventional Gas Recovery Symposium,
gas production. Pittsburgh, Pennsylvania, May 16-18, 1982.
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TABLE 1

SINGLE WELLANALYSIS
MEASUREDPARAMETERSHELD CONSTANT

Gas Desorption Rate 0.007 scf/psia/cu ft

Drainage Radius 850 ft

Fracture Spacing 10 ft

Matrix Porosity .01 (1 Percent)

Matrix Permeability .25 x 10-6 md

Fracture Porosity .0009 (.09 Percent)

TABLE 2

SIMULATED EFFECT OF INFILL DRILLINGON FOUR-WELLZ
70-YEAR CUMULATIVEPRODUCTION

Simulated Gas
Cumulative Gas Production Increase Over in Place

at the end of 70 Years 4 Existing Wells
Case

Recovered
Description (MMcf) (MMcf) (Percent) (Percent)

1 4 Existing Wells 1044.8 .- .- 19.1

2 1 Infill Well at 1280.3 235,5 22,5 23.4
to =

3 1 Infill Well at 1167,0 122.2 11,7 21.3
t = 35 Yrs

4 3 Infill Wells at 1424,6 379.8 36,4 26.0
to =

5 3 Infill Wells at 1248.1 203.3 19.5 22,8
t = 35 Yrs

6 5 Infill Wells at 1676.0 631,2 60,4 30.7
to =

7 5 Infill Wells at 1396.0 351.2 33.6 25.5
t = 35 Yrs



TABLE 3

SIMULATED GAS IN PLACE ANDGAS PRODUCEDAFTER 70 YEARS

Calculated Original Gas in Place = 5510,2 MMcf
Percent in Fracture System = 0,87
Percent in Matrix as Free Gas = 9.70
Percent in Matrix as Adsorbed Gas = 89.43

70 Years of Production
Percentage of Original Gas Produced

Adsorbed
Free Matrix Matrix

Case Description Total Resource Gas Gas

1 4 Existing Wells 19.1 21.4 18,6

2 1 Infill Well at t = O 23,4 26.0 23.0

3 1 Infill Well at t = 35 Yrs 21,3 23.7 20,8

4 3 Infill Wells at t = O 26.0 29.0 25.6

5 3 Infill Wells at t = 35 Yrs 22,8 25.6 22.4

6 5 Infill Wells at t = O 30.7 33.3 29.7

7 5 Infill Wells at t = 35 Yrs 25.5 28.2 24,9

TABLE 4

COMPARISONOF DRILLING INFILL WELLSAT t = 35 YRS
TO DRILLING IMFILLWELLS AT t = O

Simulated Cumulative Increase Over Drilling
Gas Production (MMcf)

Case
Wells at t = 35 Years

Description 35 Years 70 Years 35 Years 70 Years

2 1 Infill Well at t = O 730.3 1280,3
Vs 172.5 MMcf 113,3 MMcf

3 1 Infill Well ;; t ❑ 35 Years 557.8 1167,0 (30.9%) (9.7%)

4 3 Infill Wells at t = O 816,0 1424,6
Vs 258.2 MMcf 176.5 MNcf

5 3 Infill Wellsv~t t = 3S Years 557.8 1248,1 (46 . 3%) (14.1%)

6 5 Infill Wells at t = O 1009.8
Vs
7 5 Infill Wellsv~t t = 35 Years 557.8

1676,0 452,0 MMcf 280,0 MMcf

1396,0
(81,0%) (20 . 1%)



Fig. 1-Localion 01 devonian shaleinfill drilling study.
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FRACTURE

VI= FREE GAS IN THE
NATURAL FRACTURE

V2 = FREE GAS IN THE
SHALE MATRIX

V3 = ADSORBED GAS WITHIN
THE SHALE MATRIX

vi ‘2 VI
Flat 3-Nalurally fracturad shale, as represented by shale reservoir model.
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CUMULATIVE PRODUCTION (MMCF)
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